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CUTANEOUS EFFECTS OF PULSED NITROGEN GAS LASER IRRADIATION 
JOHN A, PARRISH, M.D" R. Rox ANDERSON, C. Y. YING, AND M. A. PATIlAK, M.B., PaD. 
Department of Dermatology, Harvard Medical School, Massachusetts General Hospital, 
Boston, Massachusetts, U.S.A, 
The effects of pulsed nitrogen gas laser emission (337,1 nm wavelength) were studied on 
human skin, The laser provides high-intensity monochromatic UVA radiation and can elicit 
delayed erythema in an actual exposure time of about 1 msec (105,000 pulses, each lasting 10 
nsec, delivered over 210 sec). The effects of nitrogen laser irradiation were compared 
clinically and histologically with conventional erythemogenic UV A and UVB exposures from 
xenon arc or mercury arc lamps and were found to be similar in many respects, The minimal 
erythema dose is comparable to that obtained using more conventional continuous light 
sources which have more than 100 times lower intensity. A phototoxicity comparison of oral 
and topically applied psoralens is presented, indicating that the laser may prove useful in 
comparing photosensitizing capacity of certain compounds. 
The term laser is an acronym for light ~mplifica· 
tion by stimulated emission of radiation. Stimu-
lated er~ission occu-;s when a photon of electro-
magnetic energy causes the emission of a similar 
photon from an excited molecule within the laser. 
These two photons are then capable of stimulating 
the emission of two more photons all traveling in 
the same direction. Repetition of this process 
produces high densities of photons of the same 
wavelength traveling in the same direction at the 
same time. In this way, lasers produce intense, 
collimated beams of monochromatic light in which 
the photons are in phase. The monochromaticity 
and high intensity of lasers make them useful in 
photobiologic research. 
One use of lasers in medicine has been related to 
their high-power density capability, producing 
heat, coagulation of protein, tissue destruction, 
fibrosis, and vaporization of tissues [1,2). Exam-
ples include repair of detached retinas, destruction 
of skin tumors, coagulation cutting or "bloodless" 
surgery, and hardening of dental and medical 
appliances. Taking advantage of the fact that 
darkly pigmented objects or skin absorb more light 
energy than surrounding skin, dermatologists and 
plastic surgeons have used lasers to selectively 
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IPD: immediate pigment darkening 
MED: minimal energy dose 
MPD: minimal photo toxic dose 
PI: phototoxic index 
TMP: 4,5' -B-trimethylpsoralen 
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remove tatoos or certain types of pigmented 
lesions. It is possible to destroy superficial vascular 
malformations of the skin with lasers, possibly 
because certain wavelengths are absorbed by 
hemoglobin. 
Lasers produce wavelengths within the infrared 
or visible portions of the electromagnetic spec-
trum. Published information concerning the 
cutaneous effects of laser radiation describes the 
effects of laser radiation at these wavelengths on 
the skin and subcutaneous tissues [3], These effects 
are those which would be expected from high-
power density in small areas of skin: heat, pain, 
immediate erythema, and tissue destruction. Laser 
technology [4] makes it possible to investigate 
delayed erythema, melanogenesis, and other 
biologic effects of laser radiation occurring from 
shorter wavelengths and at less than irreversibly 
destructive energy levels. The properties of various 
types of ultraviolet laser equipment have been 
summarized elsewhere (3). 
The pulsed nitrogen gas laser emits radiation at 
3371 A (337.1 nm) which falls within the UV A 
(320-400 nm) spectrum of ultraviolet light. 
Because of the relatively low erythemogenic effi-
ciency of long-wave ultraviolet light compared to 
shorter ultraviolet wavelengths (UVB and UVe), 
the high intensity of the nitrogen laser is especially 
useful in studying UV A-induced erythema. In 
addition, the monochromaticity of the laser gua-
rantees that photobiologic phenomena observed 
are produced by UV A and not by the more efficient 
shorter wavelengths or other stray light. Mono-
chromaticity at the power levels achievable with 
lasers is virtually unachievable using conventional 
light sources. Because extremely short pulses of 
high-peak irradiances are delivered, testing at high-
power levels is possible. 
These unique features led us to investigate the 
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effects of an ultraviolet laser on guinea-pig skin. * 
We found that the morphologic and histologic 
changes induced by the ultraviolet laser were 
similar to those induced by conventional sources of 
UV A. In the study reported here, we observe 
human cutaneous responses to the nitrogen laser 
and compare these responses with those of conven-
tional UV A and UVB sources. The usefulness of 
the laser as a tool for testing and quantifying 
photosensitizers has also been explored. 
MATERIALS AND METHODS 
The laser used is the AVCO Model C5000 pulsed 
nitrogen system. The 337.1-nm output is continuously 
variahle from 1 to 500 pulses per second, with a peak 
power per pulse of 100 kw, effective pulse width of 10 
nsec, average power output of 0.5 watts, and relatively 
constant pulse energy with varying pulse rates. The 
output port size was 5.1 cm long and 0.32 cm wide. The 
rectangular output beam has 112-angle divergence of less 
than 2 milliradians in the 0.32-cm dimension and 30 
milliradians in the 5.1-cm dimension. This divergence 
necessitates irradiation at a known beam-path length in 
order to deliver an exposure dose accurately. The output 
beam appears as two lines of higher intensity in the long 
axis rather than a uniform intensity area. Relative 
measurements with a pinhole UV A photometer showed 
the center of the beam to be approximately one-half the 
irradiance (power per unit area, exposed in mw/cm') of 
either of the lines of higher intensity. This nonuniform 
distribution was acceptable for comparison experiments, 
in which the absolute exposure dose was not crucial to the 
experiment. Wben absolute exposure doses were 
required, or a larger area of exposure was called for, the 
beam was swept over an angle of 30° by means of a 
rotating multifaceted mirror system (Fig. 1). This system 
has 24 rectangular facets with 87.5 ± 5% reflectivity at 
337.1 nm. Swept exposures are uniform in intensity. and 
the area irradiated can be varied by changing the 
distance between the skin and the mirror system. Irradia-
tion was always performed at normal or near-normal 
beam incidence angle. 
By setting the sweep rate of the mirror system, the 
beam path length, the area swept. the laser pulse rate. 
and time of exposure, a desired exposure dose (incident 
energy per unit area, in J fern') may be delivered to es· 
sentially any area of the body. Despite the nonuniform 
intensity distribution. equivalent exposure doses in the 
same subject yielded equivalent degrees of delayed 
erythema whether the beam was swept or stationary. 
Fair-skinned, untanned, adult Caucasian volunteers 
were accepted for all studies, except 2 tanned volunteers 
who were tested to determine the effects of existing 
pigmentation on 337 -nm laser erythemogenesis. Expo-
sure sites were on the subjects' backs or the flexor 
surfaces of their forearms. All subjects were given a full 
explanation of the experiment and written consent was 
obtained. No persons witb a history of abnormal photo-
sensitivity or persons who were currently using known 
photosensitizers or topical medications were accepted 
into the study. 
Degrees of erythema, immediate pigment darkening 
(IFD) and delayed tanning were evaluated visually using 
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the following scale: 
Pigmentation 
o Not perceptible Not perceptible 
Trace Barely perceptible Barely perceptible 
± Perceptible, borders, Perceptible, borders 
not completely de- not completely de 
fmed fined 
+ 1 Definite (pink) erythema Definite (light 
with defined borders brown) pigmenta-
tion with defined 
borders 
+2 Moderate (red) erythema Moderate (brown) 
pigmentation 
+3 More intense erythema Intense, deep 
with palpable edema brown pigmenta-
tion 
+4 Erythema, edema and Intensely pigmented 
vesiculation or black 
Skin color was also evaluated using a photovolt skin 
reflectometer descrihed elsewhere [5,6). Thresholds Or 
minimal energy doses (MED) for causing erythema and 
pigmentation were defined as the minimal dose of radiant 
energy which yielded a + 1 reaction. 
The dose of laser radiation required to elicit phototox-
icity after both oral and topical 8.methoxypsoralen 
(8-MOP) and 4,5' -8-trimethylpsoralen (TMP) at 337.1 
nm was determined. Forty milligrams were administered 
orally and a 2-hr postingestion period was allowed before 
laser irradiation. The two psoralens were also applied 
topically (0.1 ml per sq in. of 19, solution in alcohol) and 
the skin was occluded with plastic wrap for 1 hr prior to 
laser exposure. Photosensitizers were evaluated by deter-
mining the photo toxic index (Pl), defined as the ratio be-
tween the lowest exposure dose (minimal erythema dose. 
MED) required to produce delayed (24-hr) erythema re-
sponse without the photosensitizer and the lowest ex-
posure dose (the minimal phototoxic dose. MPD) re-
quired to produce delayed i 48-hrl erythema response in 
the presence of the photosensitizer. Thus, PI ~ MEDI 
MPD [7]. By expressing phototoxicity as the ratio be-
tween erythema thresholds rather than the absolute 
phototoxic dose (MPD), individual variations in pigmen-
tstion, light sensitivity. etc., are minimized. 
RESl:LTS 
The sequence of grossly observable laser-induced 
cutaneous photobiologic phenomena for a I-MED 
ROTATING MULTIFACETED ~-, 
MIRROR SYSTEM / /' " i:J \ 
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FIG. 1. Laser exposure apparatus. 
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exposure delivered at low pulse rates is seen in 
Figure 2. Biphasic pigmentation consisted of IPD 
followed in 3 to 5 days by true melanogenesis which 
lasted several weeks. Delayed erythema maxi-
mized at about 24 hr. In view of this time course, 
thresholds of delayed erythema were evaluated at 
24 hr after exposure; pigmentation (true melano-
genesis) was evaluated 14 to 21 days after expo-
sure. 
Immediate erythema. The erythemic response to 
laser UV A at higher irradiances is biphasic, con-
sisting of an immediate erythema component 
which gradually fades over several hours but may 
last until the induction of the delayed erythema. 
At exposures in excess of that required to produce 
minimal delayed erythema (Fig. 3), the immediate 
erythema may be more impressive than that seen 
at 24 hr, and may be painful. 
By exposing at different pulse rates, thus varying 
the average irradiance but not the peak irradiance, 
it was found that average irradiance of about 20 
mw/cm' (100 pulses per sec) or less did not produce 
immediate erythema for a I-MED exposure, while 
higher irradiances produced striking immediate 
2 }<l5.68t()t520 4C 
TIME AFTER LASER EXPOSURE 
FIG. 2. Time course of erythema and pigmentation for 
a l·MED laser exposure (500 pulses per sec. swept over 2 












" \:j ± ~ 
0:: 
~ ~ Iroc-/! ....... 
OL--~...L __ 
o 5h 
"ME AFTER LASER EKPOSI.JR< 
FIG. 3. Variation of erythema with laser exposure dose 
in 1 subject. All exposures at 500 pulses per sec. Higher 
exposure doses cause more impressive immediate ery-
thema. The immediate erythema produced by exposures 
greater than 27.5 J/cm' lasts longer than 24 hr. 
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erythema at the same I-MED dose. The fact that 
increases in average irradiances caused increases in 
the immediate erythema suggests that the imme-
diate erythema noted was at least partially due to 
heat produced by absorption of the high irradi-
ances employed. Actual thermal measurements 
documented a focal rise in temperature during the 
higher irradiance exposures which caused immedi-
ate erythema. However, the maximum average 
laser irradiance (106 mw/cm') is somewhat below 
reported immediate heat erythema thresholds 
18,9], suggesting that the immediate erythema 
may also be due to other properties of the laser 
radiation. 
Delayed erythema. The MEDs of 11 fair-skinned 
Caucasians tested at the maxium laser irradiation 
level (500 pulses per sec, 106 mw/cm' average 
irradiancel using increments of approximately 2 
J/cm' and read at 24 hr are given in the Table. The 
average MED was 21.6 J/cm', ± 4.8 J/cm', with a 
range from 14.8 to 27.5 J/cm'. Thus an average 
MED was produced by about 105,000 pulses, 
delivered over 210 sec. Because the effective pulse 
duration for each pulse is only 10 nsec, the actual 
total laser radiation exposure duration for 1 MED 
of this lTV A laser is only 1 msec. 
By attenuating the laser beam through cali-
brated neutral filters, the density peak irradiance 
and average irradiance are lowered by the same 
percentage. Varying the pulse rate varies only the 
average irradiance. Thus, comparison of exposures 
at the same average irradiance but different peak 
irradiances is possible with the only variables 
being peak irradiance and pulse rate. In 3 subjects, 
the erythema response was equivalent for doses at 
the same average irradiances (representing 31 %, 
48%, and 830/0 of maximum, of 33, 51, and 88 
mw/cm'), but different peak irradiances. For each 
subject, the MED measured 24 hr after exposure 
was the same regardless of the average or peak 
irradiance employed in delivering doses. 
Delayed erythema responses produced by laser 
exposures greater than the MED are shown in 
Figure 4. Less than twice the MED produces a +2 
delaved erYthema and 2 to 3 times the MED 
produces a"+3 delayed erythema. The slope of the 
degree of erythema vs multiples of the MED curve 
appears greater than that of UVB radiation 
[10,11]. The erythema of very high exposure doses 
is persistent, sometimes lasting 10 days or more 
(see Fig. 3). Desquamation occurred 7 to 10 days 
after exposures of greater than 3 times the MED. 
Histology. Biopsies were taken 24 and 48 hr after 
inducing a +1 erythema with the laser. At 24 hr, 
the vessels of the dermis were dilated and were 
surrounded by scattered lymphocytes. Pyknotic 
nuclei were present in the epidermal cells and 
individual cell dyskeratosis was present by 48 hr. 
Further histologic studies are in progress and will 
be reported separately. 
Immediate pigment darkening. The threshold 
for producing IPD was observed immediately after 
exposure with laser irradiation. The average 
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TABLE. Minimum laser exposure doses at 500 pps neceSBal)' to elicit immediate and delayed erythema and 
pigmentation and other effects 
Average irradiance: 106 mw/em'. Exposure area: 1.8 cm'. Wavelength: 337.1 nm. All subjects are fair-skinn. 
Caucasians. 
Erythema Pigmentation 
Subject Delayed Immediate Delayed Immediate (7 days true Comments 
J/cm' (24-hrMEDi J/cm' 
DP 15.9 17.5 
HW 15.9 21.2 
RA 15.9 22.3 
DK' 17.0 25.4 
DK 15.9 15.9 
SS 12.7 14.8 
MG 17.0 21.2 
ED 14.8 14.8 
DL 21.2 25.4 
RS 27.5 




























Six months earlier, when SUb:iell 
was "tan," MED 32 J/cm' 
Desquamation, eschar at 85 J/cm' 
(October 1974) 
(January 1974) 
Desquamation at 40 J/cm', eschar 
at 84 J/cm' 
Desquamation at 37.1 J/cm' 
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FIG. 4. Degree of delayed erythema caused by greater-
than-MED laser exposures (500 pulses per sec, average 
irradiance 106 mw/em ') in 2 subjects (e, .). Arrows 
indicate sites which desquamated. No blistering was 
seen. 
threshold was 15.S ± 6.6 J/cm2, with a range from 
S.5 J/cm 2 to greater than 30 J/cm 2 (Tab.). The IPD 
often appears black or grey rather than the typical 
brown of true melanogenesis (delayed tanning). 
The ability to exhibit IPD depended on the genetic 
capabilities of the subject, but on anyone subject 
the degree of darkening and duration of IPD were 
dose dependent. At exposure doses greater than the 
threshold for eliciting visible IPD, the darkening 
was sufficiently long-lived to blend with delayed 
tanning (true melanogenesis). At high exposure 
doses the degree of pigmentation appeared nearly 
constant right from the time of radiation; at 
exposures nearer the IPD threshold the pigment 
response appeared biphasic with IPD fading before 
the onset of true melanogenesis . 
Delayed tanning (true melanogenesis). The 
threshold for delayed tanning was found to be 17.3 
± S.7 J/cm 2 (Tab.) with a range of 5.6 to 37.1 
J/cm·. The degree of delayed tanning was gener-
ally greater in subjects claiming better solar-
induced tanning ability. Duration of the tanning 
was highly variable, lasting anywhere from 1 week 
at threshold doses in very fair subjects, to greater 
than 9 months for higher doses in subjects of 
greater tanning ability . 
Psoralen phototoxicity. The range of MEDs and 
MPDs for psoralens are expressed in Figure 5. The 
PI for 7 subjects was greater than 100 for topical 
S-MOP. The average PI for oralS-MOP was 10 and 
for oral TMP was 2. 
DlSCUSSIO:-': 
UVA erythema. While much is written about 
erythema caused by UVB and UVC, there is a 
relative lack of data on the normal UV A erythema 
action spectrum. Hausser and Vahle first described 
the relatively weak erythemogenic property of 
UV A in 1938 [10-12]. They compared the ery-
themogenic effects of 297, 313, 334, 365, 405, and 
436 nm radiation on the skin of normal Caucasians 
and found the effectiveness of 313 and 365 to be 
approximately 4.5% and 0.1%, respectively, of 
their maximally effective wavelength (297 nm). We 
have reported UVA (315-400 nm) MEDs of 10 to 511 
J/cm 2, about 1000 times greater than the MED or 
250 to 300 nm irradiation which is approximatel; 
Nou.1976 
























LASER EXPOSURE DOSE, J/cm' 
FIG. 5. Laser exposure thresholds for cutane0!ls ~ac­
tions in fair-skinned Caucasians. Parentheses mdlcate 
number of subjects. Brackets mdlcate range of values 
while the bars within the brackets indicate the average. 
Abbreviations: eryth. ~ erythema; melaTUJ = true mel~­
nogenesis' B-MOP ~ 8-methoxypsoralen; TMP ~ trI-
methylp"';ralen; 0 = oral administration of 40 mg to 
adult volunteers; t = topical application of 0.1 ml pe! sq 
in. of 1 % solution; IPD = immediate pigment darkenmg; 
desquam. = desquamation. 
10 to 20 mJ/cm' [13,14]. More recently. we [7] have 
reported the UVA (filtered Hg arc) and UVB (FS40 
fluorescent lamps) MEDs of 12 subjects which 
show a similar lOOO-fold difference in sensitivity. 
The MEDs measured with the 337.1-nm laser are 
within the range of these previously reported 
values obtained using conventional light sources. 
Reciprocity. Reciprocity holds for the delayed 
erythema effects of ultraviolet light if, at a given 
ultraviolet wavelength, a given exposure dose and 
not the intensity of the radiation per se determines 
delayed erythemal response. Within the limits of 
reciprocity, cutaneous responses are related to 
total exposure dose and are independent of dose 
rate or exposure duration. Pulsed sources of illu~i­
nation may have instantaneous peak powers far In 
excess of the average value. This is especially true 
for the pulsed nitrogen laser which has peak powers 
of 100 kw and average powers of 0.5 watts. At very 
high peak power levels, photobiologic effects may 
be sensitive to the peak and not the average power. 
Reciprocity would fail if, at such levels. a given 
exposure dose (total energy delivered per unit area) 
may cause different effects depending on the peak 
irradiance (peak power per unit area) employed in 
delivering the exposure. If reciprocity holds, high-
intensity sources for short periods of exposure 
should produce the same MED (in J/cm 2 ) as 
low-intensity sources for long exposure times. Reci-
procity for UVB erythema has been shown to hold 
over a lO'-fold range of intensities, beginning with 
very short exposures [15 J. 
In this study, when peak irradiances were varied 
over a 3-fold range of intensities, the same MED 
was noted. More importantly, the fact that the 
laser MED is very similar to those previously 
reported for low-intensity continuous UV A sources 
suggests that reciprocity for delayed ultraviolet 
erythema may exist over a wide range of intensi-
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ties. Pulsed-source UV A erythema may be equiva-
lent to the erythema caused by continuous sources. 
Such has been shown to be true for UVB-induced 
erythema {16 J. However, if the laser exposu~e had 
been continuous and the total MED was dehvered 
in less than 1 msec (instead of pulsed over 210 sec) 
the effects of high intensities may have caused 
much different results due to thermal effects, two 
photon processes, or formation of triplet states or 
free radicals in certain biomolecules or other inter-
mediates not formed or not accumulated when 
lO·nsec pulses separated by intervals of .002 sec or 
greater were used. 
Comparative energy requirements. The clini-
cally visible effects of 337.I-nm laser irradiation, in 
rough ascending order of the energies required to 
elicit them, are IPD. delayed tanning. delayed 
erythema, immediate erythema, desquamation 
(usually 7 to lO days after exposure), and eschar 
formation. Within this sequence considerable over-
lap and individual variability exists. No vesicula-
tion was ever observed at up to 5 times the MED 
(128 J/cm'). The range of these effects in 11 
subjects is summarized in Figure 5 with reference 
to laser exposure doses. 
Phototoxic index. When expressing the PI of any 
chemical, the wavelengths of the radiation used 
and the action spectrum of the chemical should 
also be given. The laser may be a useful source of 
UV A for evaluation of photosensitizers, allowing 
rapid quantitative comparisons of phototoxic 
indices at specific wavelengths. The usefulness of 
the nitrogen laser in phototoxicity testing lies in its 
ability to quickly deliver accurate large UV A expo-
sure doses. For the purpose of screening relatively 
weak UV A photosensitizers, it is necessary to em-
ploy a UVA source which can deliver the energy re-
quired to produce erythema in a tolerable exp~sure 
time, while in the case of potent photosensltJzers 
such as psoralens, , single source which can ac~­
rately deliver both large and small exposures IS 
needed to determine phototoxic index. The mono-
chromaticity of the laser insures that the erythema 
present is not influenced by stray UVB from the 
source. 
Most photosensitizing compounds exert their 
sensitizing effects within the UV A portion of the 
spectrum. In screening newly develo'p~d preP?Ta-
tions or drugs for possible photOtOXlClty. a hlgh-
intensity polychromatic source may be more use-
fuL However, when action spectrum studies and 
quantitation of photosensitization are indicated, 
the nitrogen laser may he used to "pump." a dye 
laser cell, the monochromatic output of whIch may 
be turned continuously between 340 and 660 nm 
[17,18]. 
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